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NOWNCLATURC 

a ehannal creta-iactlon araa, wf 

0 eyilndar dlanatar, « 

arms ***** tauara of hot «1ra voltapa 

fluctuation, voUt 

E naan hot «1ra vo1ta«a, volts 

1 haatar currant, anps 

k tharaal conouctivlty, watts/n? K 

L eyilndar lan^th, « 

Nu Nussalt nunbar (Cq. (?)) 

q haat flux, watts/m? 

Ra Raynolds nunbar (Eq. (1)) 

T tanparatura, K 

Tu turbulanca Intantity (Cq. (3)) 

U valocity. a/tac 

V haatar voltaqa, volts 

w nass flow rata, kqfsac 


y distanca across ehannal, a 
N v1sc.>s1ty. N>sac/a? 

SURSCRIRTS: 
avf avaraqa 

b bulk fluid conditions 

0 no flow condition 

w wall 

INTRODUCTION 

Tha dasira for Incraasad qas turblna rail- 
ability and afficlancy has stiaulatad rasaarch In 
all araas of turblna blada coollna. Ona widaly usad 
nathod of Incraaslnq tha haat transfar to tha cool- 
ant Is to cast pin fins Into tha blada coolant flow 
paisaqas. Thasa pins nust ba ralativaly short 
bacausa of passaqa slia and aanufKturInq llalta* 
tions. Tha larqa body of haat transfar data avail- 
abla for tuba banks which Is ravlawaci In Raf. 1 Is 
not appllcabla to tha turblna coolinq casa bacausa 
tha Influanca of tha andwalls Is not Includad 
(Endwalls ara dafinad as tha plana surfacas par- 
pandlcular to tha pins that fora tha top and botton 
of tha flow ehannal.) Also In turblnas the pins ara 
usually quite short, lass than four diaaatars. 
Racantly. several axparlaants have bean diractad at 
this problaa. 

In Raf. 2 haat transfar and prassura drop ra- 
sults ara presented for several qaoaictrlas that 
■odal a turblna blada trallinq adqa. For thasa 
results a convarqinq channel was usad to slaulata a 
turblna blada trailing edge cooling passage with pin 
length decreasing In tha straaawlsa direction. How- 
ever, high exparlawntal uncertainty Units tha use- 
fulness pf this work. 



V«i#osMi) (3) Miiurad tht •vcra«t ht«t trans- 
fer coeffk tents for two four-roM staMcr**! arrays 
of short ptn fins. The Ten«th-to-(t(taietcr ratios of 
the ptns In the two arrays wre t/2 and 2. It was 
found that short pin fins increase the heat transfer 
significantly over that of the plain passage even 
though the 1/2 diaowtcr Tong pins cover up as lauch 
endwali ares as they add in pin surfKc area. It 
was also shown in Ref. 3 that the iieited data 
available for pins as short as four diaaieters, fro* 
Refs. 4 and S are significantly different from the 
case of short pin fins. 

In Refs. 6 and 7 the spanwiae averaged heat 
transfer was Measured for each row of pins for sev- 
eral staggered arrays of ten rows each. Heat trans- 
fer for short pins was found to be considerably 
lower than for long pins and the heat transfer in- 
creased in the streanwise direction for the first 
several rows until a peak was reached at about the 
third to fifth row. Heat transfer then decreased 
slightly in the streamwise direction. Reference 7 
also showed that turbulence level, Measured at a 
single point directly upstreaM of a given pin. was 
highest in the forward portion oi the array and de- 
creased to a lower level downstreaM. 

The present work was perforMed concurrently 
with the work of Refs. 6 and 7 to gain soMe under- 
standing of how array geoMetry and position within 
the pin array affects heat transfer to an individual 
pin. R single, heated pin was used to Measure heat 
transfer in both staggered and in-line arrays. 
Length-to-diaMeter-ratio for all arrays was 3.01. 

Up to five rows of pint for both the staggered and 
in-line arrays were placed upstream of a row con- 
taining the heater transfer element. Turbulence 
intensity profiles across the channel, upstream of 
the heated pdn. were measured for each configura- 
tion. Endwall heat transfer was not considered in 
this work. 

This paper compares the various geometric con- 
figurations in terms of average Mussel t number over 
a Reynolds number range from 5,000 to 125,000. The 
results are discussed in terms of turbulence inten- 
sity profiles associated with each configuration. 

DESCRIPTION OF EXPERIMENT 

Appara tus 

JHTof the tests were conducted using a rec- 
tangular flow channel 5.87 cm wide by 2.67 cm high. 
Pins, which were 0.953 cm in diameter (length-to- 
diameter ratio of 3.01) were installed in various 
array patterns. A typical pattern, four rows 
staggered, is shown in Fig. 1. The axial and trans- 
verse spacing were both 2.54 cm (spacing-to-diameter 
ratio of 2.67). Both staggered and in-line array 
patterns were used in configurations of one to six 
rows. The cover shown in Fig. 1 indicates the range 
of possible patterns. Only one cylinder was heated 
and that cylinder remained in a fixed position in 
the channel, as shown in Fig. 1. The various array 
patterns were achieved by adding or removing non- 
heated pinsi Por most of the tests the heated 
cylinder was in the last row in the array as shown. 
For a few tests two rows of pins were placed down- 
stream of the heater. The pins touching the side- 
walls of the channel had a small 0.063 cm flat 
machined on the side in ofder to fit the channel. 

The entrance to the channel was contoured as shown 
in Fig. 1. 

The assembled channel with a given array pat- 
tern in piKe was subseiHfently installed in a cylin- 
drical pressure chamber as part of a flow system 


which is shown schematically in Fig. 2. The flow 
system was a once-through system of pressurited 
nitrogen gas. The gas was lowered in pressure with 
a regulator and then passed through a calibrated 
metering orifice to a flow control valve, which 
further lowered the pressure and controlled the 
flow rate. The gas was then passed through a flow 
straightener, as shown in Fig. 2. The straightener, 
which was also ustKl to reduce the inlet turbulence, 
had three elawentt. The first element was a wire 
screen with 0.23 rm diameter wire on a 16 mesh. The 
second was a honeycomb of plastic soda straws, ap- 
proximately 0.64 cm diameter and 30 diameters long, 
while the third element was another screen which was 
the same as the first. This produced a turbulence 
intensity immediately ahead of the heated cylinder 
of about two ;^ercent. The test section pressure was 
controlled wHh two valves downstream in parallel 
for fine and course control. A range of pressures 
from 100 to 600 kPa were normally used; however, at 
the higher flow rates pressures below about 500 kPa 
were not possible. Finally, the flow was passed 
through a second calibrated metering orifice before 
being vented tu the atmosphere. Because of the 
large pressure drop the gas temperature in the test 
section was low, ranging from 260 to 290 K. 

Instrumentation 

The heated cylinder was a commercial heater 
made of high resistance wire wound up and buried in 
a 0.953 cm diameter stainless steel tube. The tube 
wall thickness was approximately O.OBO cm. The 
heater was 3.81 cm long; thus approximately 25 per- 
cent of it extended into the channel walls. The 
heater was instrumented with eight chromel- 
constantan (type E) sheathed thermocouples buried in 
slots equispaced on the circumference. The thermo- 
couple junctions were at the longitudinal midpoint 
of the cylinder with the orientation such that one 
was on the stagnation point. The power dissipated 
in the heater was measured using voltage taps on the 
power leads and a current shunt. The power source 
was a commercial SCR type DC power supply. 

The flow system instrumentation is indicated on 
Fig. 2. Pressures were measured with strain gage 
transducers and temperatures were measured primarily 
with chromel-constantan thermocouples. The down- 
stream orifice temperatures were measured with 
platinum resistance themometers. The upstream ori- 
fice meter was used to measure the flow rate and the 
downstream orifice was used for redundancy. The 
upstream orifice static pressure could be varied 
from 300 to 6700 kPa. This alloMOd accurate meter- 
ing over a 25 to 1 flow range with a single orifice 
plate and differential transducer. 

The turbulence intensity measurements were made 
with a conventional temperature compensated hot film 
anemometer probe. The same probe was used for the 
entire experiment. The probe was a single element 
sensor traversed across the channel in front of the 
heated cylinder midway between it and the position 
of the first upstream row and at mid-channel 
height. The wire was aligned parallel to the cy- 
linder axis. Position was measured with a linear 
potentiometer attached to the actuator. 

All data except the turbulence measurements 
were recorded on the laboratory central data 
acquisition/mini-computer system, known as ESCORT 
(8) which provided real time updates at approximate- 
ly two second intervals on a CRT. The mean and rms 
turbulence signals were recorded versus position on 
a two pen x-y recorder. 
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Mta Art AAMMUri In ttrM 
•f ttM^ATtf NmimU MMktr VATMt RonoMt MNbtr 
pIntA. ht mil iM AImmmR imRap KSmTS tiw <AtA 
tAkpn In tM« An p A Pl w*t 4 H not Mpf^ tlw UM of 
tho MMtaMi «o 1 oeUy« AamR on mIoImm flow orooi In 
cooputlnf tlM RoynoNt ntufeor. TRo Roynoldi nuibAri 
umO horoln iro IamA on tRo «au flow roto And tRn 
cRAnnol croU'MCtlonAl apaa. 

Rt - J{ (1) 

Tht NutioU nuMbAP wAi conputtd on tRo bAsIt of 
tbo total powor dlufpattd dlvldod by the axpoitd 
aurfKA arta of tht Raattd cyHndtr. 

• T?fyir • rrr;;;iJ'--TjnJr 

TRt wall tMptraturt was tht avtratt of tb« night 
turf act thtnaocoupltt and tho fluid ttaiptraturt wai 
aitaturod at tht Inlet to tht channel. A heat lots 
calibration wai conducted with no flow and power to 
the he»ter. Over teagwrature differences froai 6 to 
40 K the calibration data nonaallted by Eq. (E) was 
constant at Nu <w U. Thus all data presented herein 
have a loss correction of Nu ■ U subtracted from 
the raw data. 

The thenwphyslcal properties used In Eqt. (1) 
and (E) were all calculated at the Inlet tewpera- 
ture. The density wis calculated on the basis of 
Ideal gas. The viscosity and thermal conductivity 
were simple curve fits to the data of Ref. 9. 

The turbulence data were all acquired using an 
uncallbrated temperature compensated probe, since 
the operating conditions were well below room tem- 
perature. The temperature compensated probe was 
used merely to minimize drift. Since the primary 
Interest was to make relative comparisons, this was 
considered adequate. For uncallbrated probes It 1$ 
possible to derive an approximate linearized ex- 
pression for turbulence Intensity (10-11). 

*rmi 

Tu . - y ” 4- X 100 (3) 

Equation (3) was used for all turbulence data. 

RESULTS 

Heat Transfer 

The experiment was conducted over a Reynolds 
number range from 5.000 to 125.000. The fluid tem- 
perature ranged from 260 to 290 K and the surface to 
fluid temperature difference from about 20 to 40 K. 
the system pressure ranged from 100 to 600 kPa. In 
general the higher flow rates resulted In higher 
pressures and mce-verta: however, the back pressure 
was frequently and randomly varied to Insure that 
there was no systematic pressure effect. This was 
Important because changing pressure at a given Re 
really meant changing velocity. 

Two reference cases are presented In Figs. 3 
and 4. The data of Fig. 3 were taken with only the 
heated cylinder In the channel, while Fig. 4 Is for 
data with a tingle row containing the heated cylin- 
der. The latter case Is referred to as a one row 
array. In both cates the data plotted were taken on 
three separate days spanning time from the beginning 
of the total experiment to the end. The results 


aRaw good rApAAtAblllty. TRa correlatlofis prASAhted 
by RpaUR (It) Af NllpATt'A data for average Reat 
trAHAfer to a eyllAder In croAsflAw are Included on 
Maa. 3 and 4 aa a rofAreneo. 

TRa flPAt oRtarvatlon 1 a tRat tRe two casaa era 
not aucR dlfforent, AApaclally at tRa lower Raynoldt 
numberA. TRe one row caao 1a above the RaatAr-only 
CAAA by AAMn percent at Re • 10* and IS percent 
at Re • to*. TRe ratio of tN two maximum velocl- 
tlAA based on flow blockage for those cases Is 
l.SI. It Is clear that the small difference Is not 
a direct result of flow blockage and for this data 
the maximum velocity Is not the correct choice fob 
computing Reynolds number. The one row data follow 
the general trend of Hllperts data (12) even *x- 
hlbltlng a change In slope. The data of Fig. 4 will 
be the base reference for all the rest of the data. 

No correlating equations will be presented In 
this paper because the authors feel the results are 
too geometry specific to have widespread applica- 
tion. It Is encouraging, however, that data follow 
the general trends exhibited by Hllperts data. The 
slope of the h1^ Re data Is Oi0O and the low Re 
data Is O.SI. The two percent turbulence Intensity 
level (even higher near the w/ills) was probably 
higher than In Hllperts case 'xhich could explain the 
higher heat transfer levels. Further, although 
blockage does not have a one-to-one effect. It does 
Increase heat transfer, as shown by comparing Figs. 

3 and 4. 

Although the heavy cylinder wall yielded an 
approximately Isothermal surface, there was a small 
circumferential temperature gradient (2 to 4 K). 

This pattern varied over the Reynolds number range. 

At high Re tho temperature Increased from Its lowest 
value at the stagnation point to about the 90 
point, then decreased to a value at 180* which was 
near the stagnation value. At low Re the Increase 
In temperature continued well past the 90 point 
with highest value frequently being at the rear of 
the cylinder. Usually slope changes In the data 
were accompanied by changes In the circumferential 
temperature pattern. 

Heat transfer data obtained from two to six row 
arrays are presented In Fig. 5 for the In-line pat- 
tern and In Fig. 6 for the staggered pattern. The 
row containing the heater pin 1$ always the last 
row. A mean line from the one row data of Fig. 4 Is 
Included for reference and Is labeled base case. 

Three results stand out distinctly In these data. 
First, the addition of cylinders upstream of the 
heated cylinder In either pattern significantly 
Increases heat transfer. Second, for the In-line 
arrays the number of upstream rows has little or no 
effect on the heat transfer level whereas for the 
staggered arrays the heat transfer level Is de- 
finitely affected by the number of upstream rows. 
Finally, the rather strong knee that exists In the 
one row base case and In Hllpert's data does not 
appear In the multiple row data. Slight slope 
changes do occur but nothing as strong or consistent 
as the reference cases. 

In order to facilitate comparison, mean lines 
of all the data, without symbols, are plotted 
together on Fig. 7. In producing Fig. 7 each array 
case was plotted separately and a best fit straight 
line was drawn through the data. The In-line data 
actually showed slight (three percent) level differ- 
ences but no pattern was exhibited. A single line Is 
shown, since these differences were within experi- 
mental error. The staggered array data exhibit 
level differences from row to row. Relative to the 
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•M rM Vim mr ni liieriMt t» ktU trintfcr 
fmr Vmf tit rw mmtft dm tl« M* M» 4i« mi 
a Mremt rtMKtlMly. Tlit rM«1tt Mi m 

«vtrcH vnmim iNcrtMt ff N mnrnx vm 
tM Mi r«D lM» CM*. Tin MuiMi tMt Mcnrt f«r 
« tkrM r«D «rr«y Id tiw ttafl*M4 MttwrA dm mm 
•1m hy NttfMT mi e^DMktrt (f«7). Ltvtl eta* 
p«r(Mii« dUm Nttiftr* M •!.• art n*t iparoartatt 
•tnct thtlr data (neluDM Mat trarnfar froa t(ia 
•ntfwalU. Zttkaaakaa (1) prasMta aoM Data for four 
roD arraya In lath li»-1lna mi ata w n M d pattarna. 
praauaMliy tonp tulaa. Thara la not aneuah Inforaa- 
tlon for a tfiraet coaparlaon, howavar, Ztwauafcaa* 
data allow m IneraaM In haat trMOfar of four rowa 
ovar ona row of 40 and M parcMt for ln-1lna and 
ataiferad arraya raapactivaly. In addition to laval 
tha atapaarad arraya ahow varlatlona In alopa of 
043, O.iZ, O.Sf, O.dO and O.fO for two to ala rowa 
raapactivaiy. Tha ln>1lna data had a fairly con* 
atant alopa of O.M. 

Slnca In tha pratMt aaparlaiant tha Inatru* 
Mntad row waa flaad In tha channal and tha array 
pattarn waa chanpad for aach run, a faw taata wara 
parfomad whara two rowa of pIna wara addad down- 
atraan of tha row contalninp tha haatar. Two caaaa 
wara run for oKh pattarn. Ona waa tha no upatraaM 
row caaa, nahlnp thp haatar row tha f Irat In a thraa 
row array. Tha othar waa tha thraa rowa upatraa* 
caaa, waking tha haatar row fourth In a alx row 
array. Tha raauUa ara ahown In fig. 8 for tha 
livllna pattarn and In Flp. 9 for tha ataggarad pat- 
tarn. On aKh figura tha ona row baaa caaa la drawn 
aa a aolld llna and tha thraa row upatraaw no rowa 
downitraaw caaa la drawn aa a daahad llna. Tha 
firat raauU to ohaarva la that for althar pattarn. 
If tha row of Intaraat la anbaddad In an array 
(l.a., thraa rowa upatraaw), tha addition of rowa 
downstraaw had no of fact on tha haat tranafar. If, 
howavar, tha row of Intaraat la tha firat row than 
at can ba aaan »hara la a diffaranca whathar or not 
thara ara downstraaw rows. Additional data points 
wara takan In tha regions whara deviations frow tha 
base occurred. Tha results appears both real and 
stable. Variations appeared In tha circumferential 
taaparatura patterns. Sowa type of transition 
saamad to ba occurring. It seams reasonable that 
tha downstream pins are affecting tha flow around 
tha heated cylinder, possibly affecting separation. 
What seams strange Is that tha results are fairly 
similar for both tha In-llna and staggered arrays. 


Turbulence 

furbulanca Intensity profiles wara measured for 
aKh configuration discussed In tha haat transfer 
results. They wara waasurad at nominal Reynolds 
numbers of 10,000, 50,000, and 120,000 for each con- 
figuration. Tha haatar was not powered during thasa 
runs. Slnca It would ba Impossibla to show ail tha 
data, raprasantativa samples are shown In Figs. 10 
to 13. Tha array pattarn Is sketched on tha figures 
as a visual reference. In all cases tha probe 
traverses from left to right across tha figura. 

The first com. Fig. 10, Is tha ona row base 
case at tha thraa Reynolds numbers. In general tha 
turbulence Intensity ovar twivthirds of tha channal 
•pproKhIng tha first row Is about two percent. The 
data of Fig. 10 was rapaatad several times. The 
spike In tha Ra • 120,000 caaa repeats and appaars 
to occur at tha thickest part of tha hot wire probe 
passes In front of tha canter cylinder, at It moves 
from left to right. This It probably tha probe body 
wake Interacting with tha heated cylinder. Tha 
small turbulence IncraaMs on left ara also rapaat- 


•blf aad are praNbly net a praOa taf IwaRat bM H 
eamaat la laM far iwra, alaea tip tltdi part af Ma 
pi^ la alraasty fa tie c l aaaal at till ptfat, ^ 

Pfpwra tiara lataMlty prafflM atite ■ 
far Ma twa ta pfa raw arraya la Ma li^llaa pat- 
tara. Tie haat traaafar rasult, which shawad aa 
lafluaaea af addliif raws upatraaa, la^vary eaaafat- 
aat with tha turbulaaca fntaatity prafllM, Oaly 
tha two row array (om row upstraaw) shows My dlf- 
faraaca. It shews a higher peak la tha cylladar 
wake and lower latMsIty bMw aa n tha cylladMS. 
AppMMtly a fully davaiepad flow coadItiM has not 
yet boM raachad. Tha a var a a a IntMSity way wall ba 
apulvalMt to tha fully davalopad (three rows and 
praatar) value. Tha fact that tha ona row upstream 
In-llna haat trMsfar values ara tha tana as tha 
rest could ba fortuitous. Obviously, though, by two 
rows upstraaw for tha In-llna com tha flow Is fully 
develop and a channal batwaM tha cylinders Is 
forwad. 

Figure 12 displays the Intensity profiles at 
Ra - 50,000 for tha two to six row arrays In tha 
staagarad array. Again, tha turbulence IntMsIty 
profiles, which exhibit a maximum In IntMSity In 
tha range of two to thraa rows upstraaw of tha 
heated cylinder, are consistent with tha haat trans- 
fer results. Slnca tha staggered array Is an alter- 
nating pattern, tha profiles ara wore complex, but 
In ganaral tha row Immediately upstream of tha 
heated row has a major Influence. Slnca tha profile 
shape Is changing, tha row causing maximum average 
Intensity Is not clear, but It Is althar tha second 
or third upstream. After thraa rows the Intensity 
was clearly decreased as was tha heat transfer. The 
heat transfer appaars to level off but tha Intensity 
Is still decreasing, with five rows upstream. 
Natzger's results (6-7) suggest a leveling off by 
five rows. 

An overlay of Figs. 11 and 12 shows that, 
although the profile shapes are quite different, the 
average turbulence Intensity for both cases Is simi- 
lar at about 25 percent. Similarly the average In- 
crease In heat transfer for either pattern Is about 
50 percent. One would suspect that these numbers 
would change as the spMing Is changed. 

Finally, to examine the effect of Reynolds nuai- 
ber the Intensity profiles for three Reynolds num- 
bers are shown In Fig. 13 for the four row staggered 
array. The average turbulence Intensity decreases 
with Increasing Reynolds maaber. The profiles also 
tend to flatten out more In front of the heated 
cylinder as the Reynolds number Increases. Thus for 
the four row array there Is less turbulence at high 
Re than at low Re. This may explain the tendency of 
the heat transfer to Increase more slowly with Re In 
the four row array than In the one row base case, 
where there Is little effect of Re on turbulence 
level. 

In general. It would appear that the heat 
transfer results are very consistent with and ex- 
plainable In terms of the turbulence Intensity 
profiles. 

SUMMARV AND CONCLUSIONS 

1. There was very little difference In the heat 
transfer levels for the case with only the heater In 
the channel and the case with the heater and two 
duurn pins across the channel despite a 55 percent 
difference In open area. This suggests that average 
channel velocity Is a more appropriate reference 
than maximum velocity. 
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The hdse roferemc case for all configura- 
tions was one row containing the heater ami two 
Oummv pins. This base case followed the general 
trend of the data in the literature for heat trans- 
fer to a cylinder In crossflow at about a ?b percent 
higher level. 

1. Addition of cylinders upstream in an in-line 
array pattern, one to five rows, produced an average 
of about 50 percent increase in heat transfer level 
above the base case. The number of upstream rows 
hmi little or no influence, 

4. The turbulence intensity profiles *or the 
ifv line arrays were virtually Identical for the 
cases of two to five upstream rows. The intensity 
varied from a peak of about 46 percent In the wake 
(i.e,, channel centerline) to an average of about 
ten percent between the cylinders. The one row up= 
stream case was somewhat different, exhibiting a 
higher peak and lower midchannel value, 

5. Addition of cylinders upstream In a 
staggered array pattern produced average increases 
in heat transfer of ?l, 64, 68, 46, and 46 percent 
above the base case for one to five rows 
respectively, 

6. The turbulence Intensity profiles for the 
^tagqered arrays were different for each ease, one 
to five rows. In general, the average intensity 
first Increased then decreased with the addition of 
upstream rows of cylinders. This behavior of the 
turbulence Intensity is reflected in the heat trans« 
fer results. 

7. The addition of cylinders downstream of the 
heater row In either array pattern had no effect on 
the heat trarsfer results due to upstream rows. 

It had some Influence on the base case. 

8. While the specific heat transfer results are 
only applicable to the short pin cases commonly 
found in turbine blades, the observations on the 
turbulent wake profiles and their influence on heat 
transfer should be applicable to broader cases of 
tube hanks. 
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